Clostridium thermocellum was shown to ferment glucose in a medium containing salts and 0.5% yeast extract. An active glucokinase was obtained with improved conditions for growth, assay, and preparation of cell extracts. Cell extracts appear to contain a glucokinase inhibitor that interferes with the assays at high protein concentrations. Glucokinase activity is stimulated about 60% by pretreatment with dithiothreitol. Little or no fructokinase or mannokinase activity was detected in cell extracts. The absence of glucokinase in mannitol-grown cells, the increase in glucokinase activity upon incubation of cell suspensions with glucose, and the lack of increase in activity when chloramphenical is added are evidence that glucokinase is an inducible enzyme. The following enzymes were detected in cell extracts (the enzyme activities are shown in parentheses are micromoles per minute per milligram or protein at 27 C): glucokinase (0.48), phosphoglucose isomerase (0.73), fructose 6-phosphate kinase (0.24), fructose diphosphate aldolase (0.59), glyceraldehyde 3-phosphate dehydrogenase (0.53), triose phosphate isomerase (0.13), phosphoglycerate kinase (0.20), phosphoglycerate mutase (0.20), enolase (0.28), pyruvic kinase (0.13), and lactic dehydrogenase (0.13). Glucose 6-phosphate dehydrogenase activity was absent or very low (0.0002) and 6-phosphogluconate dehydrogenase activity also was relatively low (0.015). From these data, it is proposed that carbohydrate metabolism in C. thermocellum proceeds by the Embden-Meyerhof pathway.
Clostridium thermocellum has been described as a thermophilic anaerobe that ferments cellulose, hemicellulose, cellobiose, and xylose, but it is unable to ferment glucose, fructose, mannose, mannitol, and a number of other carbohydrates (10) . The growth medium with which these results were obtained contained low yeast extract concentrations (0.05% or less). Limiting glucokinase activities were suggested as an explanation for its inability to utilize glucose (2) . With higher concentrations of yeast extract (0.45%), Vidrine and Quinn (Bacteriol. Proc., p. 135, 1969) found that this organism ferments glucose and fructose.
In the present investigation, we confirmed the finding that C. thermocellum ferments glucose. With improved conditions, it was shown that an active glucokinase is present in cell extracts. Other glycolytic enzymes also were detected in cell extracts.
This paper was reported in part at the 160th National meeting of the American Chemical Society, in Chicago, Ill., [13] [14] [15] [16] [17] [18] September 1970.
MATERIALS AND METHODS
Materials. Cellulose (alphacel) and cellobiose were purchased from Nutritional Biochemical Corp. D-Glucose and D-fructose were products of J. T. Baker Chemical Co., and D-mannitol and D-mannose were obtained from Pfanstiehl Laboratories. Fructose 6-phosphate (fructose-6-P), 2-mercaptoethanol, and glycylglycine were purchased from Calbiochem. Glucose 6-phosphate, fructose-1, 6-diphosphate, glyceraldehyde 3- phosphate, 3-phosphoglyceric acid, 2-phosphoglyceric acid, 2, 3-phosphoglyceric acid, tricyclohexylamine phosphoenolpyruvate (PEP), sodium pyruvate, nicotinamide adenine dinucleotide (NAD), reduced nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NADP), adenosine diphosphate ( Organism and growth conditions. C. thermocellum strain 651 was maintained and inocula were grown in a cellulose broth containing 0.25% cellulose, salts, and 0.1 % yeast extract (1) . Cell extracts were prepared from cells grown for about 48 hr at 50 to 55 C in a medium containing 0.1% (NH4)2SO4, 0.05% KH2PO4, 0.05% K2HPO4, 0.01% MgSO4-7H20, 0.001% CaCl2-2H20, 0.02% sodium thioglycolate, 0.5% yeast extract (Difco), 0.5% NaHCO3, and 0.9% carbohydrate. The media were flushed with CO2 for I hr before incubation. About 3.0, 2.7, 2.5, and 1.5 g (wet weight) of cells per liter of medium were obtained from growth on glucose, mannose, fructose, and mannitol, respectively. This represents the maximum amount of growth with glucose; however, after an additional 24 hr of incubation, the yield from other substrates may increase slightly (about 10 to 20%). Cells were harvested by centrifugation at 0 C for 10 Induction of glucokinase in nongrowing cells. Approximately 1 g of cells was suspended in 10 ml of 100 mM potassium phosphate (pH 7.0). The glucose concentration was 5 mm and the chloramphenicol concentration was 0.2 mg/ml. The mixture was flushed with CO2 and sealed with a rubber stopper to exclude 02. After incubation for 90 min at 50 C, the cells were centrifuged and extracts were prepared by the conventional procedure. RESULTS
Growth studies. The finding of Vidrine and Quinn (Bacteriol. Proc., p. 135, 1969) that C. thermocellum ferments glucose and fructose was confirmed with the medium described, which contains 0.5% yeast extract. In addition, we found that the organism is able to ferment mannose and mannitol in this medium.
According to Hungate (6) and McBee (10) , in much of the early work with cellulolytic cultures, the ability to hydrolyze cellulose was lost after growth in glucose media. Since many of these cultures appeared to be impure, it seems likely that noncellulolytic organisms predominated when grown in glucose. In view of the possibility that the observed growth in glucose was due to contamination, the purity of our culture was examined in detail. The strain used in this study appeared to be identical microscopically whether grown in glucose broth or in cellulose medium. The ability to hydrolyze cellulose was retained after growth on glucose. Isolated colonies in roll tubes containing glucose, salts, 0.5% yeast extract, and 2.0% agar had a similar appearance. Cells from the isolated colonies were grown in glucose broth and then transferred to cellulose broth. The culture retained the ability to hydrolyze cellulose and it appears to be identical to the original culture. From these results, we concluded that our original culture was pure. potassium phosphate, at pH 7.6 (0.65); and distilled water (0.14). The specific activity of an extract prepared with a pressure cell (X-press) was only 55% that of a similar extract prepared by sonic treatment. Freezing cells before sonic treatment resulted in about 10% less activity. The addition of 2-mercaptoethanol to the buffer during sonic disruption had no effect. The incubation of extracts with 5 mM dithiothreitol for 30 min at 4 C before assay results in a 60 to 65% increase in activity (Table 1) .
Preliminary glucokinase determinations failed to show a direct proportionality between the activity and the amount of protein. Upon further dilution of the extract, however, the activity is directly proportional to protein concentration (Fig. 1) . These data suggest that the extracts con- The relatively high levels of glucokinase in glucose-grown cells and its absence in mannitolgrown cells suggest that synthesis of the enzyme is induced by glucose. To determine whether glucokinase could be induced in nongrowing cells, suspensions of mannitol-grown cells were incubated with and without glucose. Cell extracts were prepared and the activity of glucokinase was determined ( Table 2) . Little or no glucokinase activity was present in cells before induction or after incubation in the absence of glucose. Cells incubated with glucose contained glucokinase; however, the addition of chloramphenicol, an inhibitor of protein synthesis, greatly reduced the amount of glucokinase. Thus, the requirement of glucose and the apparent requirement for protein synthesis indicate that glucokinase is induced under these conditions. Assays in which fructose or mannose were substituted for glucose as the substrate are shown in Fig. 2 . The activity observed with fructose or mannose appears to be due to glucose contamination. Only a limited amount of activity occurs before the reaction stops and this is repeated upon the addition of more fructose or mannose (not shown), an indication that enzyme inactivation does not cause the reaction to stop. (Similar results were obtained with purified yeast hexokinase. Although yeast hexokinase is active on fructose and mannose, the phosphohexose isomerases required for conversion of the reaction products to glucose 6-P appear to be absent, and therefore the fructokinase and mannokinase activities are not detected in this assay. The activity with yeast hexokinase also supports the contention that the fructose and mannose preparations contained traces of glucose.) The addition of glucose to these reaction mixtures results in the same activity as with glucose alone. The addition of phosphoglucose isomerase and phosphomannose isomerase does not increase the activity with mannose. From these observations, it seems unlikely that glucokinase is active on fructose and mannose.
Substitution of PEP for ATP results in slightly more activity (0.005 ,umole per min per mg of protein) than when no phosphoryl donor is added (0.003 ,umole per min per mg of protein), which suggests that there is PEP:glucose phospho- Other glycolytic enzymes. It is probable that the initial step in glucose metabolism is catalyzed by glucokinase. However, the PEP: sugar phosphotransferase system, which has been implicated in the initiation of carbohydrate metabolism in certain organisms (4) , is present in C. thermocellum and appears to be involved in the initial reactions of fructose and mannitol catabolism (12) . Our results failed to show whether this organism has PEP: glucose phosphotransferase activity and, therefore, the significance of this system is unknown. The evidence for the induction of glucokinase by glucose, the correlation between the specific activity of glucokinase and the amount of growth, and the relatively high activity of the enzyme suggest that glucokinase has an important function such as catalyzing the initial reaction in glucose metabolism.
The activity of the glycolytic enzymes (Table 3) is sufficiently high for glucose to be metabolized rapidly by the Embden-Meyerhof pathway. The low levels of glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase suggest that the hexose monophosphate pathway is not of major significance in this organism.
